Abstract: Waveguide crossings are essential for complex photonic circuits. We present compact crossings for silicon-on-insulator photonic wires. By locally applying a lower index contrast, 97.5% transmission is achieved in a 6µm length with only -40dB crosstalk.
Introduction
Silicon-on-insulator (SOI) nanophotonic waveguides make it possible to combine many compact functions onto a single photonic integrated circuit [1] . Because of the high refractive index contrast (3.45 to 1.45), tightly confined waveguides with submicron core sizes become possible. Moreover, these very compact photonic wires can be fabricated with commercial CMOS fabrication technology, allowing low-cost large-scale manufacturing. While current propagation losses of about 2.5dB/cm [1] [9] allow already centimetres-long on-chip waveguides, integrating many functions on a planar circuit is often limited by the topology of the interconnections between building blocks. While in electronics many-layered interconnects allow flexible routing of circuits, current SOI photonic chips are limited to single-layered circuits. This makes the routing of more complex photonic circuits difficult without using direct waveguide crossings.
A direct waveguide crossing causes a local loss of lateral optical confinement, causing diffraction of the waveguide. In low-contrast waveguides direct waveguide crossings only present a minor perturbation of the straight waveguide. Even though the core (and therefore the length of the crossing) can be several microns in size, the beam is hardly diffracted in a crossing. This is not true in high-contrast systems like SOI. Guided modes in photonic wires contain spatial components at large angles with the propagation direction. At a direct crossing, the mode is strongly diffracted and a sizeable fraction of the light cannot be recaptured by the waveguide core at the other side. Calculations indicate losses in the order of -1.4dB (72% transmission) per crossing [2] , and this depends strongly on the wire width. Also, this generates significant crosstalk of approximately -9dB in the arms of the crossing.
We present a technique which improves the transmission of the crossing by expanding the waveguide mode and locally reducing the refractive index contrast. At the same time, this also reduces the crosstalk. 
Design
One can improve the transmission by either enhancing the direct coupling to the other waveguide by reducing diffraction [2] [3], or design a cavity which resonates in such a way to enhance the coupling to the correct waveguide [4] . However, the latter approach implies a strong wavelength dependence. We try to suppress the diffraction at the crossing by reducing the wide-angle components of the mode through a broadening of the waveguide core, e.g. by using elliptical mode expanders as shown in Fig. 1b-c [2] . However, in a four-fold symmetric crossing, as in Fig. 1c , expanding the core also increases the length of the crossing, causing more severe loss of confinement and wider diffraction. This is already shown in [2] , where a four-fold symmetric crossings has a calculated loss of -0.4dB,
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while a crossing with only one expanded waveguide has only -0.1dB loss for the expanded waveguide (the losses are much higher for the narrow arms, making this unsuitable for actual waveguiding). Still, these designs require crossing lengths of at least 10µm.
To reduce the diffraction, we propose a scheme to maintain confinement over a larger part of the expanded crossing, while at the same time lowering the lateral refractive index contrast. This reduces the diffraction in the non-confined region. To reduce the lateral index contrast of the waveguide, we use a double-etch scheme [1][6] . This is illustrated in Fig. 1 . While the high-contrast photonic wires and the mode expanders are defined by completely etching the silicon core, a second contrast level is defined by a shallow etch, confining the light to the center of the mode expander. Also, by lowering the average refractive index in the outer part of the crossing, the diffraction and curving of the phase fronts is partially compensated. In contrast with [2] , we use a parabolic instead of an elliptical mode expander. This shape is preferable as this suppresses the excitation of higher-order modes [5] . This is made clear in the simulation results from Fig. 2 . We used 2-D eigenmode expansion for a wavelength of 1.55µm. The direct crossing (a) is the most compact, but has only 67% transmission, and more important, several percent of crosstalk in the arms. This is in good agreement with [2] . The two-fold symmetric elliptical crossing (b) was modelled after the results presented in [2] , but with only 6µm length. This reduction in length reduces the transmission to 61%. This effect is even more dramatic for the four-fold symmetric elliptical crossing (c), which has only 32% transmission. The loss of confinement in the crossing region is very severe. By using the double etch scheme (d) this loss of confinement is largely compensated, boosting the transmission to more than 95%. 
Implementation of a low-contrast waveguide crossing
The waveguides and couplers were fabricated in commercial 200mm SOI wafers with a top silicon layer of 220nm and a buried oxide of 2µm. First, the shallow-etched structures are defined using deep UV lithography at 248nm and dry etching. Subsequently, the deeply etched waveguides are fabricated in a similar way [1] . Alignment between the two process layers is maintained by the lithography tool with an accuracy of approximately 50nm. The fabricated device is shown in Fig. 3 . The crossing has a length of 6µm and the parabolic expander would reach a center width of 2.5µm (if no perpendicular crossing arm would be defined) as shown in Fig. 1b . The shallow etched waveguide also slightly expands from 500nm to 800nm over the length of the crossing.
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For characterization, we used vertical grating fiber couplers [1] [7] . We measured waveguides with 0, 5, 10 and 21 crossings. The transmission characteristics as a function of wavelength are shown in Fig. 4a . The Gaussian shape of the curves is characteristic for the grating fiber coupler gratings and is not a feature of the crossings [7] . In Fig. 4b we extract the transmission per crossing using a fit on the measurements at a wavelength of 1550nm. The loss per crossing is -0.16dB, which amounts to 97.5% transmission. We also extracted an upper value for the crosstalk by measuring the output from the side arm of the first crossing. We found the crosstalk to be better than -40dB. We also repeated the measurements for different waveguide widths, and found the performance to be the same within the error margin of our measurements. This indicates that the crossings are quite tolerant to fabrication variations. The parabolic Gaussian spectrum is characteristic for grating fiber couplers [7] . (b) fitted loss per crossing at a wavelength of 1550nm.
Conclusion
We've demonstrated compact, low-loss crossings for SOI photonic wire waveguides. The crossings are implemented using parabolically broadened waveguides and a double etch scheme to reduce lateral refractive index contrast. We measured -0.16dB loss and -40dB crosstalk.
